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a b s t r a c t

The backreaming operation plays a significant role in safe drilling for horizontal wellbores, while it may
cause severe stuck pipe accidents. To lower the risk of the stuck pipe in backreaming operations, the
mechanism of cuttings transport needs to be carefully investigated. In this research, a transient cuttings
transport with multiple flow patterns model is developed to predict the evolution of cuttings transported
in the annulus while backreaming. The established model can provide predictions of the distribution of
cuttings bed along the wellbore considering the bulldozer effect caused by large-size drilling tools
(LSDTs). The sensitivity analyses of the size of LSDTs, and backreaming operating parameters are con-
ducted in Section 4. And a new theory is proposed to explain the mechanism of cuttings transport in the
backreaming operation, in which both the bit and LSDTs have the “cleaning effect” and “plugging effect”.
The results demonstrate that the cuttings bed in annuli is in a state of dynamic equilibrium, but the
overall trend and the distribution pattern are obvious. First, larger diameters and longer drilling tools
could lead to a higher risk of the stuck pipe. Second, we find that it is not the case that the higher flow
rate is always better for hole cleaning, so three flow-rate intervals are discussed separately under the
given conditions. When the “dangerous flow rate” (<33 L/s in Case 4) is employed, the cuttings bed
completely blocks the borehole near the step surface and causes a stuck pipe directly. If the flow rate
increases to the “low flow rate” interval (33e35 L/s in Case 4), a smaller flow rate instead facilitates
borehole cleaning. If the flow rate is large enough to be in the “high flow rate” interval (>35 L/s in Case 4),
the higher the flow rate, the better the cleaning effect of cuttings beds. Third, an interval of tripping
velocity called “dangerous velocity” is proposed, in which the cuttings bed accumulation near the LSDTs
is more serious than those of other tripping velocities. As long as the applied tripping velocity is not
within the “dangerous velocity” (0.4e0.5 m/s in Case 5) interval in the backreaming operation, the risk of
the stuck pipe can be controlled validly. Finally, through the factors analyses of the annular geometry,
particle properties, and fluid properties in Section 5, it can be found that the “low flow rate”, “high flow
rate” and “dangers flow rate” tend to decrease and the “dangerous velocity” tends to increase with the
conditions more favorable for hole cleaning. This study has some guiding significance for risk prediction
and parameter setting of the backreaming operation.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

Considering the top-drive drilling system is popular in drilling
engineering, the operation of backreaming is an essential technique
in the construction of horizontal wellbores (Yarim et al., 2010).
With the length of the horizontal section increasing, the risk of
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Nomenclature

Asb the cross-section area of the solid bed layer, m2

Asd the cross-section area of the suspension layer, m2

Cc the cuttings concentration, dimensionless
CD the drag coefficient
Cf the fluid concentration, dimensionless
Csb the solid concentration of the solid bed layer,

dimensionless
Dhy the hydraulic radius, m
dc the diameter of a particle, m
do the outer diameter of the pipe, m
di the inner diameter of the pipe, m
dlsdt the outer diameter of the large-size drilling tool, m
ec the eccentric distance, m
e the eccentricity, e ¼ 2ec

do�di
, dimensionless

F the dry friction force, N
Fcf multiparticle-drag force, N
g the acceleration of gravity, m=s2

hc the cuttings bed height, m
hd the dimensionless cuttings bed height, hd ¼ hc=do �

100, %
hd;aver the average dimensionless cuttings bed height of the

section from0 to 20m (and 0e40m) from the LSDT, %
hd;max the maximum dimensionless cuttings bed height, %
K the consistency coefficient, Pa,sn

Lhar the length of the hazardous section, m
Lbr the backreaming distance, m
Ssd the wetted perimeter of the suspension layer, m
Ssb the wetted perimeter of the bed layer, m
Ssbsd the wetted perimeter of the interface, m
uter the terminal velocity of a particle, m=s

vf the velocity of the liquid phase in the suspension
layer, m=s

vfr the modified velocity of the liquid phase, m=s
vc the velocity of the solid phase in the suspension layer,

m=s
vsb the velocity of the solid bed layer, m=s
vbr the tripping velocity, m=s
va the angular velocity, m=s
Vmb the volume of cuttings bed migration, m3

x the length of trajectory from the bottom hole, m
rf the drilling mud density, kg=m3

rc the cuttings density, kg=m3

rsb the solid bed density, kg=m3

q the inclination angle, radians
t the shear stress, Pa
ty the yield stress, Pa
tsbsd the shear stress for the interface between the

suspension layer and solid layer, Pa
tfw the shear stress for the interface between the liquid

phase in the suspension layer and wall, Pa
tsbw the shear stress for the interface between the bed

layer and wall, Pa
tcw the shear stress for the interface between the solid

phase in the suspension layer and wall, Pa
g the shear rate, 1/s
Fsdc the mass flux of solid in the suspension layer,

kg=ðs,mÞ
Fsdf the mass flux liquid in the suspension layer, kg=ðs,mÞ
Fsb the mass flux of the bed layer, kg=ðs,mÞ
un the angular velocity of the rotating drill pipe, rad/s
4 repose angle, radians
Dt the time step, s
Dx the spatial step, m
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backreaming operation becomes higher. A well in Ohio set the re-
cord for the longest inland horizontal well in the United States with
a horizontal section of 5652.2m (Sun and Jia, 2020). A horizontal
well with a horizontal section of 5060m has been completed in
Changqing Oilfield setting a record for the longest horizontal sec-
tion in China. As long horizontal wellbores are adopted more and
more widely, backreaming as a key operation of tripping in hori-
zontal sections should be emphasized and evaluated quantitatively.

The backreaming is a process of pulling the revolving drill pipe
out of the borehole with the pump on, as shown in Fig. 1. According
to some drill cases in China, the backreaming operations are inte-
gral parts of the tripping-out process. Generally, backreaming op-
erations are developed to remove the cuttings bed and to trim the
walls of the hole if necessary. However, when the backreaming is
performed improperly, unintended consequences could be trig-
gered, such as the stuck pipe and cavings, etc. (Yarim et al., 2010).
During the process of the backreaming, a mass of cuttings near the
rotating bit is resuspended and transferred, of which a portion is
deposited as new cuttings bed in the upper intervals of the well-
bore, as shown in Fig. 1. The cuttings-induced blockage caused by
the backreaming account for about 65% of stuck-pipe accidents
with Schlumberger's statistics (Yarim et al., 2007). During the
process of the LSDTs pulled out of the borehole axially, there are
cuttings pushed forward and deposited adjacent to the step sur-
faces. The LSDTs consisting of stabilizers, drill collars, and rotary
steerable tools show larger diameters than drill strings (Tan and
Zhang, 2022). From 2014 to 2019, oil fields in Sichuan and
1150
Chongqing suffered a loss of 45 sets of rotary steerable tools
because of solid-settling-stuck incidents (Fan et al., 2020; Tan and
Zhang, 2022). There is a serious solid-settling-stuck accident in
the process of backreaming in the Weiyuan Oilfield in 2018, which
lead to huge economic losses because of explosive releasing and
sidetracking twice. To eliminate the side effects of backreaming, it is
necessary to establish a new principle for backreaming operations
of the time to begin, to slow down, and to stop, as well as theway to
do it (Yarim et al., 2010; Zamora et al., 1993). In addition, the in-
tervals of the wellbore with a medium inclination angle are more
liable to avalanches (Zamora et al., 1993), and the backreaming
would exacerbate this situation.

To date, quantitative risk assessment studies on backreaming
operations are quite rare. In the past investigation, Tan and Zhang
(2022) proposes the concept of the bulldozer effect to describe
the phenomenon that the LSDT pushes forward cuttings axially in
the horizontal section of a wellbore. The hook load, as well as the
top drive torque, are calculated based on tubular mechanics theory
when a cuttings cylinder appears in front of the bit under the
condition of tripping out. It's only a matter of time before pipes get
stuck if a cuttings cylinder appears (Tan and Zhang, 2022). The
formation of a cuttings cylinder in the annulus is an uncommon and
the worst situation. The process of accumulated cuttings forming
dunes in the wellbore is usual and requires extra attention in
comparison. Zhu et al. (2022) come up with a conclusion that the
cuttings would accumulate near the stabilizer while tripping out.
They believe the reason why the phenomenon appears is a
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mutation of the flow velocity near the stabilizer without consid-
ering the bulldozer effect of the stabilizer. However, it cannot be
neglected that the LSDT piling up cuttings is the main driver of the
redistribution of cuttings. The bulldozer effect must be taken into
account when simulating the backreaming process.

To deal with cutting-induced blockage problems, scholars have
dedicated to figuring out the mechanism of cuttings transport in
the wellbore through three major methods which are indoor ex-
periments (Zhang, 2015; Naganawa et al., 2017; Khatibi et al., 2018;
Tong et al., 2021a), numerical simulationwith CFD software (Zhang,
2015; Epelle and Gerogiorgis, 2018; Zhang et al., 2020; Khaled et al.,
2021), and one-dimension solid-liquid flow models. Considering
the simulation of backreaming operations needs a very long
annulus of the wellbore, both methods of experiments and CFD
software have the disadvantage of high simulation costs. Generally,
one-dimensional layer models are employed to simulate the evo-
lution of cuttings with high-computational speed for a wild range
of wellbore trajectories. The layer-model methods have been
widely employed and studied, which is introduced into drilling
engineering by Gavignet and Sobey (1989). This study has benefited
from improvements in the layer models. Naganawa et al. (2017)
proposed a new function of critical friction velocity based on the
inclination angle and reposed angle. Zhu et al. (2021) applied
buoyancy to the momentum equations and found that buoyancy
has little effect on horizontal or close horizontal sections. Tong et al.
(2021a) modified the entrainment factor and deposition factor and
introduced the critical deposition velocity to the deposition mass
flux. Chen et al. (2022) proposed a modified model of the mass
exchange flux based on the critical rolling velocity of which results
were more consistent with experimental observations. An et al.
(2023) propose a correction factor to modify the model to obtain
a more accurate pressure gradient.

The flow pattern of solids and liquids is assumed as either two-
layer (Naganawa et al., 2017; Naganawa and Nomura, 2006) or
three-layer (Zhang et al., 2018; Wang and Long, 2010) types for
conventional models. However, the flow pattern of the cuttings and
drilling fluid in annuli constantly changes during the actual flow
process. The assumption of multiple flow patterns according to
flow parameters in the simulation is more consistent with the
experimental observations (Tong et al., 2021a; Wang, 2020; Zhang
et al., 2018). In addition, flow patterns in different positions of the
wellbore vary greatly, when the LSDT and excessive cuttings
resuspended by the bit from the bottom hole are considered. If only
one flow pattern in the annulus is assumed, it is very easy to have
unexpected negative volume or negative velocity, which leads to
the termination of the iteration. Thus, the assumption of multiple
flow patterns must be employed in the simulation of backreaming
operations with LSDTs.

In this paper, the transient solid transport model of one
dimensionwith multiple flow patterns is developed to simulate the
process of backreaming. The traditional model of one dimension
cannot deal with the excessive dry friction caused by the concen-
trated distribution of cuttings. According to the characteristics of
cuttings transport of the backreaming operation, five kinds of flow
patterns are employed to modify the conventional model. The be-
haviors of cuttings transport while backreaming are explored with
the following advantages and improvements: 1) Quantitative
forecasts and factors analyses are developed based on the fluid
mechanical model, revealing the mechanism of the cutting-
induced blockage due to the backreaming operation and
providing an objective basis for setting parameters; 2) With the
dynamic meth method adopted, the boundary conditions for
backreaming operations are proposed to simulate the axial motion
of the bit, drilling pipes, and LSDTs; 3) The bulldozer effect caused
by LSDTs in horizontal sections of the wellbore is introduced to the
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model. This work is accomplished and aimed to play a guiding role
in the parameter settings of the backreaming operation on site.

2. Mechanism for the cutting transport during the
backreaming operation

2.1. Backreaming process

Backreaming is considered similar to “drilling backward”, where
the drill pipes are pulled out of the borehole and the pump turns on
(Yarim et al., 2010). Compared to the drilling process, the area near
the bit plays a more crucial role. In the backreaming process, the
cuttings bed in the area near the bit directly determines the cut-
tings supply to the upper intervals of the wellbore. Excessive cut-
tings resuspended by the bit are deposited in the upper intervals,
which may result in a blockage of the annulus. As shown in Fig. 2,
the rotating bit stirs all cuttings bed in its place into the flow as
suspended cuttings particles from the bottom of the conduit. The
solids bed is cleaned successively with the axial advances of the bit
while tripping out, which is called the “cleaning effect” of the bit in
this paper. However, the cuttings particles would be deposited
again at the lower side of the annulus by gravity after being
transferred for a certain distance (Zhang et al., 2020). Generally,
although the wellbore interval the bit passes through is clean, the
upper interval of the wellbore gets more deposited cuttings, which
is called the “plugging effect” of the bit in this study. The cleaning
and plugging effects are consistent, and the more the bit clears the
bed, the more cuttings are expected to be deposited in the upper
interval. Therefore, the backreaming operation is a double-edged
sword for hole cleaning. Which of the two effects of the bit is
dominant in the backreaming operation depends on the tripping
velocity, the LSDTs, and the flow rate. If the right combination of
parameters is done, the bit would play a dominant role in cleaning
the bottom hole, otherwise, the backreaming would be a disaster
for hole cleaning.

2.2. Bulldozer effect

The LSDTs showgreater outer diameters than the drill pipes (Tan
and Zhang, 2022). The step surface is part of the cross-section of the
drilling tool that projects relative to the drill string. A step surface
normally exists at the joint of the drilling tool, where the diameter
changes. The location of the LSDT also receives a large number of
cuttings from the bit. Thus, there are excessive cuttings particles
accumulated near the LSDT. As shown in Fig. 2, the step surface
pushes forward a portion of the cuttings bed as the drill string
moves backward axially in the borehole. The solids bed is contin-
uously concentrated in the upper wellbore intervals near the step
surface, first forming a cuttings dune, and forming a cuttings cyl-
inder eventually, which is called the “plugging effect of the LSDT”. If
a cuttings cylinder is formed, it is only a matter of time before
mechanical sticking occurs (Tan and Zhang, 2022). As we all know,
larger drilling fluid velocities caused by the large diameter of LSDTs
make it easy to clean the cuttings bed in annuli and to transport
cuttings particles more quickly. Therefore, the LSDT with a certain
tripping velocity may play an unexpected role in the cuttings’
removal, which is called the “cleaning effect of the LSDT”.

3. The transient model with multiple flow patterns

3.1. The flow patterns and basic hypotheses

It's well known that the solids bed is inevitable on certain oc-
casions of the horizontal wellbore, such as insufficient displace-
ment, specific drilling operations, inappropriate drilling fluid, etc.



Fig. 1. Backreaming from the bottom hole of the long horizontal section well.

Fig. 2. Backreaming process and bulldozer effect.
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Therefore, the coexistence of the suspension layer with cuttings
particles and the solid bed layer is a basic flow pattern. But the
ultra-high drilling fluid flow rate caused by the LSDTs generally
makes the annulus cleaner than other intervals. Considering the
flow pattern of fully mixed solid and liquid is indispensable, it in-
dicates that there is only the suspension layer in the annulus. In
addition, excessive cuttings bed in upper intervals is formed by the
resuspended cuttings transferred from the rotating bit. The annuli
with a moving bed or stationary bed are represented by two
different flow patterns. Otherwise, the abnormal backflow of the
1152
bed would occur in the simulation. In the model, the single-phase
flow of liquid with a bed or without a bed is also considered,
though the patterns are rare in the main content of this study. The
main flow patterns are shown in Fig. 3.

The solids and liquids in the upper suspension layer are
considered separately because of slippage between solid particles
and liquids (Naganawa et al., 2017; Tong et al., 2021a). This hy-
pothesis is consistent with the phenomenon described by the drift-
flux theory (Aitken and Li, 2013). Thus, the solid phase, liquid phase,
and bed phase are treated as basic objects in this research. Whether
the specific phase exists in a certain flow pattern depends on the
conservation of momentum and mass in the annulus. In general,
the bit outer diameter is considered equal to the borehole diameter
where the enlargement of the borehole diameter is not considered.
According to the critical velocity theory, the section through which
the bit passes is assumed to be clean because the cross-section is
very small and the fluid velocity is large enough. The backreaming
operation is a continuous process in engineering practice. In the
simulation, the process of backreaming has to be simplified ac-
cording to the conditions of spatial and temporal discretization, but
its engineering characteristics are mostly reflected.

The hypotheses are as follows:

(1) The flow pattern changes according to the flow state;
(2) The solid concentration of the cuttings bed is constant, which

is set as 65% (Tong et al., 2021a);
(3) The properties of the fluid and solid are uniform and

isothermal in annuli;
(4) Cuttings bed passed by the bit are completely resuspended in

the backreaming process;



Fig. 3. Main flow patterns in the annuli: (a) Moving bed; (b) Stationary bed; (c) No
bed.
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(5) There is a slippage between the cuttings and fluid in the
suspension layer.

(6) There is no slippage between liquid and particles in the bed
layer.
3.2. The modified model

The annulus with the solid-liquid flow in the upper suspension
layer and the moving solids bed layer requires the adoption of the
most complex flow pattern. The governing equations are con-
structed according to the law of conservation of mass and mo-
mentum for cuttings transport processes.

The mass-conservation equation for the solids bed layer can be
expressed as:

vðrsbAsbÞ
vt

þ vðrsbAsbvsbÞ
vx

¼ Fsb (1)

The mass-conservation equations for solids and liquids in the
upper suspension layer are:

vðrcCcAsdÞ
vt

þ vðrcCcAsdvcÞ
vx

¼ Fsdc (2)
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v
�
rfCfAsd

�
vt

þ
v
�
rfCfAsdvf

�
vx

¼ Fsdf (3)

Fig. 3(a) demonstrates the stress condition of the most complex
flow pattern. And the momentum-conservation equation for the
bed layer can be expressed as:

vðrsbAsbvsbÞ
vt

þ vðrsbAsbvsbvsbÞ
vx

¼ �Asb

�
vp
vx

þ rsbg cosq
�

� tsbwSsb þ tsbsdSsbsd � F

þ vsbFsb (4)

The momentum-conservation equations for liquids and solids in
the upper suspension layer are:

v
�
rfAsdCfvf

�
vt

þ
v
�
rfAsdCfvfvf

�
vx

¼ �AsdCf

�
vp
vx

þ rfg cosq
�

� CftfwSsd � CftsbsdSsdsb � Fcf

�
�
vf � vsb

�
Fsdf

(5)

vðrcAsdCcvcÞ
vt

þ vðrcAsdCcvcvcÞ
vx

¼ �AsdCc

�
vp
vx

þ rcg cosq
�

� CctcwSsd � CctsbsdSsbsd þ Fcf
� ðvc � vsbÞFsdc

(6)

The other flow patterns can be simplified based on the most
complex one shown above. For the stationary bed, as shown in
Fig. 3(b), the velocity of the bed is equal to zero. The mass-
conservation equation of the upper suspension layer can be rep-
resented by Eq. (2) and Eq. (3) unchangeably. The momentum
conservation of the upper suspension layer is written as Eq. (5) and
Eq. (6). The mass-conversation of the stationary bed layer can be
represented by Eq. (7).

vðrsbAsbÞ
vt

¼ Fsb (7)

For the pattern with no bed, as shown in Fig. 3(c), the mass
conversation is shown as:

vðrcCcAsdÞ
vt

þ vðrcCcAsdvcÞ
vx

¼0 (8)

v
�
rfCfAsd

�
vt

þ
v
�
rfCfAsdvf

�
vx

¼0 (9)

Asd ¼Aann (10)

The equations of momentum conversation remove some of the
quantities associated with the cuttings bed. And the momentum-
conservation equations for the solid and the liquid are:

v
�
rfAsdCfvf

�
vt

þ
v
�
rfAsdCfvfvf

�
vx

¼ �AsdCf

�
vp
vx

þ rfg cosq
�

� CftfwSsd � Fcf (11)
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vðrcAsdCcvcÞ
vt

þ vðrcAsdCcvcvcÞ
vx

¼ �AsdCc

�
vp
vx

þ rcg cosq
�

� CctcwSsd þ Fcf (12)

The equations of the single-phase flow of liquid with a bed or
without a bed are simplified in the same way as above. The con-
version process of five flow patterns is shown in Fig. 4.

There is an axial movement of the drill pipe in the backreaming
operation. The relative velocities are applied to calculate three
kinds of shear stress between the phases and the wall surface. The
relative velocity refers to the difference between the phase velocity
and the tripping velocity.

Until now three solutions have been employed to obtain the
mass exchange fluxes (Fsb;Fsdf ;FsdcÞ between the suspension
layer and the bed layer in the previous study, which quantify the
cuttings deposition and entrainment. Firstly, an empirical equation
method is wildly applied (Naganawa and Nomura, 2006; Naganawa
et al., 2017; Zhang et al., 2018; Tong et al., 2021a), inwhich themass
flux is linearly related to the critical velocity. Secondly, the diffusion
mechanism is introduced to quantify the mass flux in the transient
cuttings transport model (Zhu et al., 2021, 2022). Thirdly, the mass
exchange has two processes according to critical velocity (Chen
et al., 2022), which can address some of the shortcomings of the
above two approaches. In this model, the third method is applied,
of which detail equations are given by Chen et al. (2022), and mass
exchange fluxes are given by Tong et al. (2021a). The critical rolling
velocity is solved by the near-bed velocity profile not mean velocity
(Duan et al., 2009; Tong et al., 2021b), which is useful for the ac-
curacy of the mass exchange flux. Other closure relationships and
constructive equations are shown in Appendix A.

3.3. Boundary conditions

3.3.1. Bottom hole
In the backreaming operation, the drilling fluid is squirted out of

the bit's water holes and no cuttings are produced in the bottom
hole. In other words, the boundary conditions in the bottom hole of
the backreaming are the same as those of the condition of washing.
Detailed settings are shown in Table 1. With the dynamic mesh
method adopted, the position of the bottom hole boundary changes
as the bit is pulled out, as shown in Fig. 5. The inner diameter of the
pipe of each mesh also changes over calculational time because of
the movement of LSDTs.

3.3.2. The mesh adjacent to the bottom hole
One of the important features of the backreaming operation is

cleaning the cuttings bed with a rotating bit. In this model, the
mesh adjacent to the bottom hole is chosen to simulate the
cleaning of the cuttings bed passed by the bit, as shown in Fig. 6. So,
the mesh is called the “clean boundary”, although it is not a
boundary in the traditional sense. The number of cuttings resus-
pended depends on the values of the tripping velocity, the time
step, and the space step. The distance of the backreaming for each
time step is calculated by Eq. (13). If the backreaming distance is
less than the length of a mesh, the cuttings bed in the mesh is
resuspended as cuttings particles in proportion. As shown in Eq.
(14), the volume of cuttings particles resuspended at each time step
depends on the ratio of the length of themesh to the distance of the
backreaming. The latest bed height and volume concentration of
suspended cuttings can be obtained easily according to DVc. When
the sum of the backreaming distances reaches the length of a mesh,
the cuttings bed in the mesh all become suspended cuttings. The
position of the boundary of the bottom hole changes as well. The
detailed calculation process is shown in Fig. 6.
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Lbr ¼ vbrDt (13)

DVc ¼ Lbr
Dx

AsbDxCsb (14)

where vbr represents the tripping velocity; Dt represents the time
step; Dx represents the spatial step; Csb represents the solid con-
centration of the solid bed layer.
3.3.3. The meshes associated with the bulldozer effect
As shown in Fig. 7, the cuttings bed of the mesh adjacent to the

LSDT which is called “supply mesh” is pushed by the step surface
into the next mesh. The cuttings bed height in the “supply mesh” is
constant when the LSDT passes through, as shown in Fig. 8. The
cuttings bed pushed forward only enters the adjacent mesh which
is called “reception mesh”, but there is no effect on other meshes.
This principle will serve as the basic assumption for quantifying the
bulldozer effect. The volume of cuttings bed migration Vmb caused
by the bulldozer effect can be calculated by Eq. (15).

Asbði; t � 1Þ ¼ HtoAðdo; di; e; hcðiÞÞ
Asbði; tÞ ¼ HtoAðdo;dldst; e; hcðiÞÞ
Vmb ¼ ½Asbði; t � 1Þ � Asbði; tÞ�Lbr

(15)

where Asb represents the cross-sectional area of the cuttings bed; t
represents the time step; i represents the index of “supply mesh”;
Lbr is defined as Eq. (13). Due to the bulldozer effect, the cross-
sectional area of the cuttings bed in the mesh cell (supply mesh)
through which the LSDT passes changes, while the height of the
cuttings bed in the mesh cell does not change, as shown in Fig. 8.
HtoA is the function in which the cross-sectional area is converted
into the cuttings bed height according to the annulus geometry, of
which details is given by Zhu et al. (2021).

The cuttings bed from the “supply mesh” are spread evenly in
the “reception mesh”. The current height of the cuttings bed is
calculated by Eq. (16). Through some trial calculations, Dx=Dt � 4
should be a criterion for this model of the backreaming simulation,
under which the Dx=Dt has little effect on results and the abnormal
termination of iteration does not appear. Therefore, Dx=Dt ¼ 4 is
selected in this study.

Asbðiþ 1; t � 1Þ ¼ HtoAðdo; di; e; hcðiþ 1ÞÞ

Asbðiþ 1; tÞ ¼ Asbðiþ 1; t � 1Þ þ Vmb
Dx

hcðiþ 1Þ ¼ AtoHðdo;di; e;Asbðiþ 1; tÞÞ

(16)

where iþ 1 represents the index of “reception mesh”. AtoH is the
function in which the cuttings bed height is converted into the
cross-sectional area according to the annulus geometry.
3.4. Consideration of drill-pipe rotation

As is recognized, the rotation of the drill pipe generally en-
hances the ability of the drilling fluid to convey cuttings particles
and agitate cuttings bed near the lower side of the borehole.
However, the mechanism of the effect of drill-string rotation on
cuttings transport is quite complex. There is no perfect model to
describe the process of cuttings agitated by the revolving drill
string for the one-dimensional transient model. In this paper, a
preliminary method (Naganawa et al., 2017) is employed to
simplify the effect of drill-pipe rotation, in which the fluid velocity
of the suspension layer is modified by the linear velocity of the
rotational drill pipe, which can be expressed as Eq. (17).



Fig. 4. The conversion of five flow patterns.

Table 1
Boundary conditions of the bottom hole.

Momentum Mass

vf ¼ 4Qf

pðdo2 � di
2Þð1� CcÞ

Cc ¼ 0

vc ¼ 0 Asb ¼ 0
vsb ¼ 0
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vfr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vf

2 þ va2
q

(17)

where the angular velocity at the drill pipe is defined as:

va¼1
2

�
di
2

�
un (18)

where the un is the angular velocity of the rotating drill pipe.
In this study, the modified fluid velocity vfr affect mass flux and

shear stress (tfw and tsbsd). This simplified model describes the
effect of drill-string rotation in the case of ensuring computational
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stability. However, the simulation of drill-string rotation by a one-
dimensional model is imperfect compared to a three-dimensional
numerical simulation. So, the drill-string rotation speed is not the



Fig. 6. Resuspended pa

Fig. 5. Dynamic boundary.

Fig. 7. The front view of
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focus of the research. The effect of the axial movement of the bit
and the LSDT on cuttings transport plays a significant role in the
following discussion.
3.5. Numerical solution and mesh setup

In this study, we choose the stability-enhancing two-step (SETS)
method to solve the nonlinear differential equations of the tran-
sient cuttings transport model (Wang and Long, 2010; Zhu et al.,
2021; Chen et al., 2022). The adopted equations in a mesh
depend on the corresponding flow pattern, as shown in Section 3.2
of this paper. The method of SETS is developed from the semi-
implicit method in which the corrector steps are employed to
guarantee precision (Mahaffy et al., 1982). This method removes the
rticles near the bit.

the bulldozer effect.



Fig. 8. The slide view of the bulldozer effect.
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constraint of the Courant-Friedrichs-Lewy condition in common
semi-implicit methods to a certain extent while remains the sta-
bility of the computation, which is one of the most important ad-
vantages of the SETS method (Naganawa et al., 2017). In other
words, more flexible step-size settings enable a reduction of the
time required to solve the nonlinear differential equations by the
SETS method.

To optimize the mesh step size of the simulation, the mesh in-
dependence analysis is carried out for an accurate solution. The
simulations of bed erosion are implementedwith a 600mwellbore.
It can be found from Fig. 9 that the average cuttings bed height
tends to stabilize with the decrease of mesh spacing or the increase
of mesh number. When the mesh size is less than 8 m, the mesh
size has little effect on the results. The accuracy of calculated results
and the efficiency of calculation should be both satisfied as much as
possible. Therefore, the mesh size of 4 m is applied for the simu-
lations of cases in this study.
3.6. Verification for the model

The observed data obtained from the large-scale flow-loop
system at the University of Tulsa is introduced to verify the basic
model (Tong et al., 2021a).

The test section is a 10 m annulus, in which the cuttings bed
height is measured through a data acquisition system. The end of
the test section can be lifted to change the inclination angle by a
hoisting facility. A cuttings injection facility, a mud circulation
system, and a cuttings collection facility are employed to simulate
the transport of cuttings in the wellbore under drilling conditions.
The cuttings bed is deposited evenly and the bed height is set to
50% before the experiments. In the experiment, under a steady flow
rate of mud and solid particles, the cuttings bed in the test section is
flushed to simulate the process of bed erosion in the drilling
operation. Other details can be found in Tong et al. (2021a).

The fluid used in the experiment is an oil-basedmud for genuine
drilling operations. The flow curve of the mud based on the data
measured by a rheometer is given by Tong et al. (2021a) and
Herschel-Buckley of the rheological model expressed as t ¼ tyþ
Kgn can describe the fluid properties more comprehensively than
the pow-law model. The rheological properties are summarized in
Table 2 based on the regression of experimental data, which are
applied to subsequent simulations. Therefore, a generalized Rey-
nolds number for Herschel-Buckley is employed, as shown in
Appendix A.
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The experimental configurations are shown in Table 3. The
predations of bed height calculated by the model are in good
agreement with the experimental observations, and the error rate
is less than ±5%, as shown in Figs. 10 and 11.

4. Results

In this simulation, the properties of fluid and cuttings are
consistent with the experimental parameters, but the hole size,
drill-pipe size, and fluid flow rate adopted are following the pa-
rameters of drilling practice. Default input parameters for all cases
are shown in Table 4. Herschel-Buckley of the rheological model is
applied in the simulations.

The parameters of backreaming operations and the LSDT lead to
the complex law of the cuttings transport, which are the focus of
our discussion, and sensitivity analyses are necessary. The main
simulated factors include fluid flow rate, tripping velocity, and the
diameter and length of the LSDT. However, the initial cuttings bed
in the wellbore has an important influence on the simulation re-
sults, although it is artificially set. Therefore, it is necessary to
explain the effect of the initial cuttings bed height first to avoid
confusion in the analyses of the main factors.

4.1. Case 1: effect of the initial cuttings bed

The input parameters are shown in Table 5. The influence of
initial cuttings bed height on cuttings transport is phased and
nonlinear, as shown in Fig. 12. The reason for this phenomenon is
that the amount of cuttings bed driven by the step surface is not
uniform in an eccentric annulus, as shown in Fig. 8. There is a
critical value for the initial cuttings bed height, and the bulldozer
effect on both sides presents completely different laws. When the
initial cuttings bed height is greater than the critical value, the
cuttings accumulate excessively in the intervals behind the step
surface, as shown in Fig. 12(a), (b), and (c). Moreover, as the height
of the initial cuttings bed increases, the accumulation range and
peak value of the cuttings bed increase, which indicates that these
two variables require additional attention in this study. When the
initial height of the cuttings bed is less than the critical value, the
backreaming operation improves the wellbore cleaning efficiency,
as shown in Fig. 12(d). To explore the stuck pipe mechanism in the
backreaming operation, 30% of the initial dimensionless cuttings
bed height is employed in subsequent simulations. The case that
the initial cuttings bed height is below the critical value is not the
focus of our discussion.

4.2. Effect of the LSDT

It can be found that the bulldozer effect in the backreaming
operation has a significant impact on the calculation results from
the above analyses. Therefore, it is necessary to analyze the
mechanism of the LSDT on cuttings redistribution. We will discuss
the role of operation parameters later.

4.2.1. Case 2: effect of the diameter
The parameters for Case 2 are shown in Table 6. At the beginning

of the backreaming, the cuttings bed accumulated in the wellbore
does not decrease rapidly due to washing, because the bit contin-
ually destroys the cuttings bed and transports cuttings particles to
the upper sections, as shown in Fig. 13(a). As long as there are
LSDTs, therewould be a large number of cuttings in front of the step
surface, which indicates that the intervals with higher cuttings bed
appear, as shown in Fig. 13(b), (c), (d). A section with cuttings bed
height greater than the initial height can be defined as a hazardous
section and its length is represented by Lhaz. The length of the



Fig. 9. Mesh independence study for the model.

Fig. 10. Steady cuttings bed at 15 m/h of ROP.

Fig. 11. Steady cuttings bed at 30 m/h of ROP.

Table 2
Rheological properties.

Variables Value Unit

Consistency coefficient 0.02 Pa,sn

Liquidity index 0.9 Dimensionless
Yield strength 0.12 Pa
Density of fluid 1200 kg/m3

Table 3
Experimental parameters.

Variables Value Unit

Fluid flow rate 0.0025 m3/s
ROP 15, 30 m/hour
Particle diameter 0.003 m
Inclination angle 60, 75, 90 �

Density of cuttings 2630 kg/m3

Outer pipe diameter 0.0762 m
Inner pipe diameter 0.0381 m
Eccentricity 0.7 Dimensionless

Table 4
Default parameters for the model.

Variables Value Unit

Consistency coefficient 0.02 Pa,sn

Liquidity index 0.9 Dimensionless
Yield strength 0.12 Pa
Density of fluid 1200 kg/m3

Density of cuttings 2630 kg/m3

Eccentricity 0.4 Dimensionless
Particle diameter 0.003 m
Inclination angle 90 �

Pipe length between LSDT and bit 8 m
Outer pipe diameter 0.2159 m
Inner pipe diameter 0.127 m
Drill-pipe rotation speed 30 r/min

Table 5
Input parameters for Case 1.

Variables Value Unit

Initial cuttings bed height 30, 20, 10, 5 %
Fluid flow rate 35 L/s
LSDT diameter 0.1788 m
LSDT length 4 m
Tripping velocity 0.5 m/s
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hazardous sections remained largely stable at diameters of 0.1588
and 0.1651 m of LSDTs, as shown in Fig. 14. To show the trend of the
results more clearly, darker lines are introduced which represent
the average of the data in the figures. The average method is to take
the average of seven data around the target data, which is very
common in the processing of time-varying data, such as oscillo-
scope data. When the diameter is 0.1788 m, the length of the
hazardous section increases as the backreaming distance increases.
As shown in Fig. 14, the change of the hazardous length at di-
ameters of 0.1588 and 0.1651 m of LSDTs can be divided into three
stages: increase, maintain, and decrease. And the length of the
hazardous section at diameters of 0.1788 m increases first and then
stabilizes. The larger the size of the LSDT, the longer the hazardous
section and the easier it is to maintain while backreaming.

Since the vicinity of the LSDT is the key area causing mechanical
sticking, the hd;aver is introduced, which represents the average of
dimensionless cuttings bed height of the section from 0 to 20 m



Fig. 12. Simulation results of different initial dimensionless heights of cuttings bed: (a) 30%; (b) 20%; (c) 10%; (d) 5%.

Table 6
Input parameters for Case 2.

Variables Value Unit

LSDT diameter 0.1788, 0.1651, 0.1588, 0.1270 m
Fluid flow rate 35 L/s
Initial cuttings bed height 30 %
LSDT length 4 m
Tripping velocity 0.5 m/s
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(and 0e40 m) from the LSDT in annuli. As shown in Fig. 15, when
the diameter of the LDST is 0.1788m, the hd;aver remains stable after
150 s of the backreaming. The hd;aver reaches its maximum after
165 s of the backreaming and then gradually decreases when the
diameter of the LSDT is 0.1651 m. The hd;aver reaches its maximum
after 90 s of the backreaming and then drops gradually when the
diameter of the LSDT is 0.1588m. By comparing those four curves, it
can be found that the larger the LSDT diameter is, the greater the
accumulation of cuttings behind the step surface and the longer the
high cuttings bed remains.

In addition, to reveal the severity of cuttings accumulation, the
hd;max is introduced, which represents the maximum of dimen-
sionless cuttings bed height of the whole wellbore. Due to the
hd;max is highly cyclical, only those average value is shown in Fig.16,
which indicate the trend of the maximum of dimensionless cut-
tings bed height in the whole process. The original hd;max varies
between 59% and 62% most of the time when the diameter of the
LDST is 0.1788 m. When the diameter of the LDST is 0.1651 m, the
hd;max ranges from 51% to 61% most of the time. The hd;max varies
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between 43% and 55% most of the time when the diameter of the
LDST is 0.1588 m.

In a word, the larger the diameter of the LSDT, the longer the
hazardous section, the more cuttings bed in front of the step sur-
face, and the larger the peak value of cuttings deposition. There is a
critical diameter of the LSDT for cuttings transport while back-
reaming. If the diameter of the LSDT is larger than the critical value,
the “plugging effect of the LSDT” is dominant; otherwise, the
“cleaning effect” is dominant. For the bit, at the beginning of the
backreaming, the “plugging effect” is much stronger than the
“cleaning effect”, because the distribution of cuttings bed is more
uniform. As the backreaming is continuously performed, the
“cleaning effect” of the bit is gradually dominant, due to the con-
centration of cuttings bed in front of the step surface.
4.2.2. Case 3: effect of the length
The parameters for Case 3 are shown in Table 7. Fig. 17 shows

that the accumulation of cuttings near the step surface increases as
the length of the LSDT increases. It can be found that there is a
certain difference in the lengths of the wellbore interval with
significantly higher cuttings bed when the lengths of LSDTs are 4
and 8 m. If the length of the LSDT is larger than 8 m, the charac-
teristics of cuttings accumulation display a slight difference with
the increase of the length of the LSDT. However, it is obvious that
the length of the wellbore section (far away from the bit) with low
cuttings bed height increases as the length of the LSDT increases,
which indirectly indicates that cuttings accumulation in the upper
section becomes more serious. This phenomenon can be further
explained by the length of the hazardous section. As shown in



Fig. 13. Simulation results of different diameters of LSDTs: (a) 0.1270 m; (b) 0.1588 m; (c) 0.1651 m; (d) 0.1788 m.

Fig. 14. The lengths of hazardous sections of different diameters of LSDTs.
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Fig. 18, when the length of the LSDT is 4 m, the hazardous section is
shorter than those in the other three cases. After backreaming of
600 s, the length of the hazardous section at 4 m of the LSDT is
about 45% shorter than those in the other three cases. In addition,
the length of the hazardous section at 12 m of the LSDT is longer
than that at 16 m of the LSDT after backreaming of 400 s, which
indicates there is a specific length of the LSDT which could cause
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more cuttings in the wellbore. According to the calculations so far,
12 m of LSDT is more dangerous than other ones for backreaming
operations.

Strictly speaking, the longer the LSDT is, the greater the average
height of the cuttings bed in the section near the step surface, as
shown in Fig. 19. It is found that the average heights of cuttings bed
with different lengths of LSDTs has little difference in general when
those reach the stable stage. However, it is very obvious that the
longer the LSDT is, the more easily the cuttings deposition near the
step surface reaches a stable situation. The calculated results of
40 m above the step surface explain the phenomenon better than
those of 20 m above the step surface, as shown in Fig. 19(a) and (b).
But when the length of the LSDT is beyond 4 m, the rate of reaching
stability is close. There is a similar pattern for the peak of the cut-
tings bed height, as shown in Fig. 20.

For the hazardous sections, the shorter LSDTcould avoid the risk
of the stuck pipe in backreaming operations to a great extent. But
the lengths of LSDTs show a slight effect on the average height of
the cuttings bed near the step surface and the peak value of cuttings
deposition when those reach a stable stage.
4.3. Effect of the operation parameters of the backreaming

4.3.1. Case 4: effect of the flow rate
The parameters for Case 4 are shown in Table 8. According to the

simulation results, the flow rate is not simply a positive or negative
correlation to hole cleaning in backreaming operations. Based on
the accumulation characteristics of the cuttings bed, the flow rate
can be classified as “dangerous flow rate”, “low flow rate” and “high



Fig. 15. The average dimensionless cuttings bed heights of different diameters of LSDTs: (a) 20 m above the step surface; (b) 40 m above the step surface.

Fig. 16. The maximum dimensionless cuttings bed heights different diameters of
LSDTs.

Table 7
Input parameters for Case 3.

Variables Value Unit

LSDT diameter 0.1788 m
Fluid flow rate 35 L/s
Initial cuttings bed height 30 %
LSDT length 4, 8, 12, 16 M
Tripping velocity 0.5 m/s
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flow rate”, separately. Through some calculations, we have found
that 32, 32.5, and 32.7 L/s caused a complete blockage of the
wellbore during the backreaming in this simulation, in which the
stuck pipe is considered inevitable. Therefore, we call the flow rate
less than 33 L/s a “dangerous flow rate” in this simulation. The
“plugging effect” of the bit dominates in the case of extra-low
annular flow velocity, and the “cleaning effect” of the LSDT is not
sufficient to transport excessive cuttings, where the bulldozer effect
even causes annular jams due to low cuttings migration velocity.
The “low flow rate” interval indicates the range in which the flow
rate is 33e35 L/s, and the length of the wellbore with excessive
cuttings bed near the step surface increases with increasing flow
rate, as shown in Fig. 21(a) and (b). The length of the hazardous
section and average cuttings bed height are important indicators
for this definition. The “plugging effect” of the bit decreases with
increasing flow rate, but the “cleaning effect” of the LSDT is rela-
tively weaker because of the increase of cuttings transport velocity.

As the flow rate increases to the “high flow rate” interval (>35 L/
s), the length of the wellbore with significantly high cuttings bed
near the step surface decreases continuously, as shown in Fig. 21(c)
and (d). The length of the hazardous section and average cuttings
bed height decreases with the increase of the flow rate. The
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distribution of cuttings bed with a flow rate of 42.5 L/s is different
from those in the other three cases, where the cuttings bed is more
evenly distributed and there is no significant accumulation of
cuttings bed, as shown in Fig. 21(e) and (f). It has been calculated
that if the flow rate continues to increase, the wellbore becomes
cleaner.

As shown in Fig. 22, the length of the hazardous sectionwith the
flow rate of 35.0 L/s is 44 m after the backreaming of 600 s. When
the fluid flow rates are 37.5, 40, and 42.5 L/s, the lengths of haz-
ardous sections decrease by 15.6%, 49.4%, and 100% respectively
compared with that of 35.0 L/s. The smaller the flow rate in the
“high flow rate” interval, the greater the length of the hazardous
section in the backreaming operation. If the flow rate is more than
40 L/s, the hazardous section only exists in the early period of the
backreaming, and then disappears quickly. However, if the flow rate
is in the “low flow rate” interval, smaller flow rates have a shorter
hazardous section instead.

The average dimensionless cuttings bed height in the 20 m in-
terval above the step surface after the backreaming of 600 s is
46.4%, 56.2%, 54.1%, 50.8%, 5.7%, and 0% respectively at different
flow rates, as shown in Fig. 23(a). It can be found that the higher the
flow rate in the “high flow rate” interval, the smaller the cuttings
bed height near the step surface, but the relationship between
those two is nonlinear. In this study, there is a critical flow rate that
changes the distribution of cuttings bed in the backreaming pro-
cess, which is 40 L/s. As the flow rate is less than 40 L/s, the cuttings
bed height near the step surface gradually increases and then re-
mains stable with the progress of the backreaming; otherwise, the
height continuously decreases to zero. A similar pattern can be seen
from the data of 40 m of the interval, as shown in Fig. 23(b). When
the flow rate is 33 L/s in the “low flow rate” interval, the area near
the step surface is cleaner than that of 35 L/s. It is not the case that
the larger the displacement, the better the hole cleaning near the
step surface in the backreaming process. Admittedly, it is possible
to reduce the buildup of the cuttings bed if the displacement is high



Fig. 17. Simulation results of different lengths of LSDTs: (a) 4 m; (b) 8 m; (c) 12 m; (d) 16 m.

Fig. 18. The lengths of hazardous sections of different lengths of LSDTs.
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enough, but this can only be done by finding the “high flow rate”
interval needed on site. In addition, for pressure-sensitive forma-
tions, adopting a lower displacement in the “low flow rate” interval
can both avoid jams during backreaming operations and keep the
stability of the good wall.

The peak cuttings bed height in the wellbore decreases with
increasing flow rate, as shown in Fig. 24. If the flow rate is more
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than 40 L/s, themaximum height decreases with time; otherwise, it
increases first and then keeps stable. This is consistent with the rule
of the length of the hazardous section and the average height of the
cuttings bed near the step surface. The peak cuttings bed height in
the wellbore with a flow rate of 33 L/s is maximum although the
wellbore as awhole is relatively clean, which indicates the flow rate
has a significant effect on peak height. Therefore, the low flow rate
needs to be employed carefully.
4.3.2. Case 5: effect of the tripping velocity
The parameters for Case 4 are shown in Table 9. When the slip

velocity is 0.2 m/s, there is no excess cuttings accumulation near
the step surface, as shown in Fig. 25(a). The reason is that a large
amount of cuttings bed in annuli had been transported to the upper
intervals of the wellbore before the LSDT arrived due to low trip-
ping velocity. In this situation, though the LSDT has a slight effect
on the distribution of cuttings beds, it still mitigates the influence of
the “plugging effect” of the bit. Therefore, the borehole is in clean
condition. When the tripping velocity increases to 0.4 m/s, the
accumulation of cuttings bed caused by the bulldozer effect ap-
pears, and the “plugging effect” is stronger than the “cleaning ef-
fect”, as shown in Fig. 25(b). When the tripping velocity is 0.5 m/s,
the accumulation of cuttings bed near the step surface becomes
more serious than that of the tripping velocity of 0.4 m/s, and the
“plugging effect” is further enhanced, as shown in Fig. 25(c). When
the tripping velocity reaches 1.0 m/s, the total length of the in-
tervals with excessive cuttings beds above the step surface signif-
icantly reduces, and the “clean effect” becomes themain function of
the LSDT, as shown in Fig. 25(d). Though the cuttings beds coalesce



Fig. 19. The average dimensionless cuttings bed heights of different lengths of LSDTs: (a) 20 m above the step surface; (b) 40 m above the step surface.

Fig. 20. The maximum dimensionless cuttings bed heights of different lengths of
LSDTs.

Table 8
Input parameters for Case 4.

Variables Value Unit

LSDT diameter 0.1788 m
Fluid flow rate 33, 35, 37.5, 40.0, 42.5, 45 L/s
Initial cuttings bed height 30 %
LSDT length 4 m
Tripping velocity 0.5 m/s
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quickly in front of the step surface, the excessive cuttings bed is
immediately dispersed due to the high flow velocity caused by the
LSDT. Therefore, temporary accumulation of the cuttings bed under
a high tripping velocity increases the efficiency of hole cleaning,
and the “cleaning effect” of LSDT is completely dominant. From the
perspective of the rule of thumb, if the tripping velocity is too fast, it
is easy to cause annular blockage. However, based on simulation
results, it can be found that the rule of thumb only works to a
certain extent of tripping velocity, of which the interval is
0.4e0.5 m/s in this case. When the tripping velocity increase to
1.0 m/s, the hole cleaning is getting better. Therefore, we define an
interval called the “dangerous velocity”, in which more cuttings
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beds are accumulated near the LSDTs obviously than those of other
velocities. As long as the tripping velocity is far away from the
“dangerous velocity”, the stuck accident can be avoided in the
backreaming process to the greatest extent. In addition, the trip-
ping velocity should not be too large, because the rapid accumu-
lation of cuttings bed may directly lead to stuck pipe in the initial
stage of backslide.

Fig. 26 indicates that the lengths of the hazardous section with
tripping velocities of 0.4 and 0.5 m/s are larger than those of other
ones, which is consistent with the rules stated above. It is worth
noting that the hazardous sectionwith 0.4m/s is longer than that of
one with 0.5 m/s after the backreaming of 300 m because the
cuttings distribution is more concentratedwhen tripping velocity is
0.5 m/s which is supported by Figs. 27 and 28. The higher the
tripping velocity, themore concentrated the distribution of cuttings
beds when it is in the “dangerous velocity” range. The average
dimensionless cuttings bed height in the interval of 20 m above the
step surface is 0%, 53.6%, 56.2%, and 22.4% respectively at different
tripping velocities after the backreaming of 300 m, as shown in
Fig. 27(a). A similar pattern can be seen from the data of 40 m in-
terval, as shown in Fig. 27(b).
5. Discussion

The effects of the annular geometry, particle properties, incli-
nation angle, and drilling fluid properties on the results are dis-
cussed to provide a more comprehensive explanation of the
cuttings transport mechanism under the backreaming operation.
The factor analyses are employed in this section. The average of
dimensionless cuttings bed height of the section from 0 to 40 m
from the LSDT in annuli hd;aver is used as an indicator of results,
which is conducive to the two-factor analyses. The hd;aver mainly
reflects the risk of the stuck pipe caused by the accumulation of
cuttings near LSDTs.

It is found by calculation results that a more serious deposition
of cuttings appears in the sectionwith the smaller inclination angle
(<90�). The distance of backreaming can reach 300 m with a 90-
degree inclination angle and 37.5 L/s flow rate. For a 75-degree
inclination angle, the maximum distance of backreaming only
reaches 138 mwith the same flow rate. For a 60-degree inclination
angle, the maximum distance of backreaming only reaches 100 m.
In a word, the inclined section has a higher risk of stuck pipe
compared with the horizontal section. In addition, the wellbore
section with less than 60� inclination angle is prone to serious
avalanche and downward sliding of the cuttings bed which are not



Fig. 21. Simulation results of different fluid flow rates: (a) 33 L/s; (b) 35.0 L/s; (c) 37.5 L/s; (d) 40.0 L/s; (e) 42.5 L/s; (f) 45 L/s.

Y.-F. Chen, H. Zhang, W.-X. Wu et al. Petroleum Science 21 (2024) 1149e1170
considered in this study (Yarim et al., 2010), where the back-
reaming operation is considered dangerous generally.

The drill pipe diameter and wellbore diameter change the cross-
section area of the annulus, which has direct effects on the fluid
velocity. With the drill pipe diameter increased, the average cut-
tings bed height with 0.5 m/s tripping velocities decreases and the
“dangerous flow rate”, “low flow rate”, and “high flow rate” tend to
decrease or have decreased, as shown in Fig. 29. The flow rate of
33 L/s falls within the interval of “low flow rate” for 0.13 or 0.14 m
drill pipe diameter, but it is within the interval of “high flow rate”
for 0.15 or 0.16 m drill pipe diameter. Through calculations, changes
in wellbore diameter produce similar results. With the larger ratio
of the drill pipe diameter to wellbore diameter applied, the critical
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flow rates between three intervals tend to decrease or have
decreased.

When the fluid velocity increase with the decrease of the
annulus cross-section area, the effect of “dangerous velocity” is
gradually prone to attenuation, as shown in Fig. 30. When the inner
pipe diameter is 0.145 m, the cuttings accumulation of 0.4 m/s is
close to those of 0.8 and 1.0 m/s. Strictly speaking, the interval of
“dangerous velocity” is still 0.4e0.5 m/s tripping velocities with
inner pipe diameter less than 0.15 m, as shown in Fig. 30. With the
increase of inner pipe diameter, the cuttings accumulation in annuli
is reduced considerably under 0.4e0.5 m/s tripping velocities, but
this effect is not so obvious under 0.8e1.0 m/s. The “dangerous
velocity” is a relative concept. It can be found that the “dangerous



Fig. 22. The lengths of hazardous sections of different fluid flow rates.
Fig. 24. The maximum dimensionless cuttings bed heights different fluid flow rates.

Table 9
Input parameters for Case 5.

Variables Value Unit

LSDT diameter 0.1788 m
Fluid flow rate 35 L/s
Initial cuttings bed height 30 %
LSDT length 4 m
Tripping velocity 0.2, 0.4, 0.5, 1.0 m/s
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velocity” rises when conditions are more conducive to hole clean-
ing. As shown in Fig. 30, the interval of “dangerous velocity” is
larger than 0.8e1.0 m/s, as the inner pipe diameter is 0.16 m. The
interval of “dangerous velocity” is 0.5e1.0 m/s, when the inner pipe
diameter is 0.155 m. This result is affected by the combination of
fluid velocity and tipping velocity. Through calculations, changes in
wellbore diameter produce similar results. With the larger ratio of
the drill pipe diameter to wellbore diameter applied, the
“dangerous velocity” tends to increase or has increased.

The bulldozer effect and cleaning effect of the bit in this model
are not affected by particle properties and fluid properties directly.
These conditions have effects on the cuttings' transport, entrain-
ment, and deposition, which can lead to specific results. But the
basic law of cuttings redistribution caused by the backreaming
operations is similar to the conclusions in Section 4 through a lot of
calculations. In brief, if the conditions are more favorable for hole
cleaning, the “low flow rate”, “high flow rate” and “dangers flow
rate” tend to decrease and the “dangerous velocity” tends to in-
crease. If hole cleaning declines, the opposite conclusions are ob-
tained. Only the interactions between the flow rate and each of the
properties of drilling fluid and particle are displayed below, which
is enough to explain the effect of particle properties and fluid
properties on the conclusions.
Fig. 23. The average dimensionless cuttings bed heights of different fluid flow
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As shown in Fig. 31, the increase of particle diameter slightly
reduces the cuttings bed height near the step surface under the
given diameter range. The larger the particle diameter, the larger
the bed roughness, the larger the interfacial friction coefficient, and
the higher the transport efficiency of the cuttings bed. In addition,
the increase of particle diameter makes the drag force get larger
and increases too small resistance torque, which reduces the crit-
ical rolling velocity of a particle. However, the large particles would
hinder hole cleaning when their diameters increase to a certain
extent and too small cuttings is difficult to remove according to
some previous studies (Duan et al., 2009; Nazari et al., 2010). In the
one-dimensional cuttings transport model, the mass exchange flux
depends on the critical rolling velocity, and the bed roughness is
rates: (a) 20 m above the step surface; (b) 40 m above the step surface.



Fig. 25. Simulation results of different tripping velocities: (a) 0.2 m/s; (b) 0.4 m/s; (c) 0.5 m/s; (d) 1.0 m/s.

Fig. 26. The lengths of hazardous sections of different tripping velocities.
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introduced, which makes the influence of single-particle gravity
underestimated. Therefore, the one-dimensional model has certain
limitations on the study of the effect of particle diameter and needs
to be improved in later studies.

High particle density is not conducive to cuttings carried by
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drilling fluid, i.e. cuttings are more likely to settle into a cuttings
bed due to the gravity, as the particle density increases. Moreover,
the increase of particle density makes the dry friction force larger,
which hinders the movement of the cuttings bed. As shown in
Fig. 32, with the increase of particle density, the average cuttings
bed height near the step surface increases, and the critical flow rate
between the “low and high flow rate” interval increases.

The greater fluid density is generally beneficial for hole cleaning.
Because higher drilling fluid density leads to stronger cuttings
entrainment, i.e. the critical rolling rate decreases because of the
increases of the buoyancy, drag force, and lift force. It is found that
larger flow rates significantly improved the hole-cleaning effect of
increased fluid density, as shown in Fig. 33.

The increase of consistency coefficient enhances the effective
viscosity of drilling fluid, and it is beneficial to increase the inter-
facial friction factor. But a larger consistency coefficient increases
the critical rolling velocity a little under these flow conditions. The
combination of these two effects results in the following. With the
increase of consistency coefficient, the cuttings bed height near the
step surface decreases, but with the increase of the flow velocity,
the decreasing trend is not obvious, as shown in Fig. 34.

The increase of yield strength implies a larger interfacial friction
factor and larger effective viscosity of drilling fluid. And the larger
yield strength makes cuttings’ entrainment get larger. Increasing
yield strength can improve the hole cleaning condition, as shown in
Fig. 35. The drilling fluid conforming to the power-law model is not
favorable to the hole cleaning under these flow conditions, because
its yield strength is equal to or close to 0.



Fig. 27. The average dimensionless cuttings bed heights of different tripping velocities: (a) 20 m above the step surface; (b) 40 m above the step surface.

Fig. 28. The maximum dimensionless cuttings bed heights different tripping
velocities.

Fig. 29. Effect of inner pipe diameters on average dimensionless cuttings bed heights
from 0 to 40 m from the LSDT for different flow rates.

Fig. 30. Effect of inner pipe diameters on average dimensionless cuttings bed heights
from 0 to 40 m from the LSDT for different tripping velocities.

Fig. 31. Effect of particle diameters on average dimensionless cuttings bed heights
from 0 to 40 m from the LSDT for different flow rates.
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Fig. 32. Effect of particle density on average dimensionless cuttings bed heights from
0 to 40 m from the LSDT for different flow rates.

Fig. 33. Effect of fluid density on average dimensionless cuttings bed heights from 0 to
40 m from the LSDT for different flow rates.

Fig. 34. Effect of consistency coefficient on average dimensionless cuttings bed heights
from 0 to 40 m from the LSDT for different flow rates.

Fig. 35. Effect of yield strength on average dimensionless cuttings bed heights from
0 to 40 m from the LSDT for different flow rates.
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6. Conclusions

(1) The conventional one-dimensional stratification model
cannot meet the simulation needs for the backreaming
process. A composite transient cuttings transport model
considering five flow patterns is developed, and the pre-
dicted values in drilling conditions are in good agreement
with experimental data within the error range ± 5%. The
boundary conditions of the backreaming operation, unlike
the conventional ones, are proposed, which are “bottom hole
boundary”, “clean boundary” and “reception boundary”. The
newmodel can satisfy the simulation of the whole process of
the backreaming.

(2) A new theory to explain the cuttings transport while back-
reaming with LSDTs is proposed, in which the bit and LSDTs
both have a “cleaning effect” and “plugging effect”. The
backreaming is a process of dynamic balance between the
“cleaning effect” and “plugging effect”.
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(3) The length of the hazardous section, the average cuttings bed
height near the step surface, and the maximum cuttings bed
height are proposed to quantitatively describe the cuttings
accumulation in the wellbore and serve as a basis for the risk
of stuck pipe. The larger the diameter of the LSDT, the more
severe the accumulation of cuttings bed in the wellbore due
to the bulldozer effect, and the correlation is non-linear. The
larger the length of the LSDT, the greater the risk of jams,
which is mainly reflected in the length of the hazard section.

(4) It is not the case that a higher flow rate during the back-
reaming is better for borehole cleaning. The flow rate should
be discussed in three intervals, which are from low to high
including: “dangerous flow rate”, “low flow rate” and “high
flow rate”. When the “dangerous flow rate” (<33 L/s in Case
4) is employed, the cuttings beds completely block the
borehole near the step surface and directly cause a stuck
pipe. When the flow rate is in the “low flow rate” interval
(33e35 L/s in case 4), the risk level of jams increases with the
increase of the flow rate. When the flow rate increases to the
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“high flow rate interval” (>35 L/s in case 4), the higher the
flow rate the cleaner the borehole is.

(5) For the tripping velocity, there is an interval called the
“dangerous velocity”, in which more cuttings beds are
deposited near the LSDTs obviously than those of other ve-
locities. Theoretically, as long as the applied tripping velocity
is not within the “dangerous velocity” interval (0.4e0.5 m/s
in Case 5), the risk of the stuck pipe can be controlled validly.

(6) Fluid properties, particle properties, and annular geometry
have effects on the cuttings' transport, entrainment, and
deposition, which can affect specific results. But the basic law
of cuttings redistribution caused by the backreaming oper-
ations remains consistent. In brief, if the conditions are more
favorable for hole cleaning, the “low flow rate”, “high flow
rate” and “dangers flow rate” tend to decrease and the
“dangerous velocity” tends to increase. If hole cleaning de-
clines, the opposite conclusions are reached.

In conclusion, the redistribution of the cuttings bed due to the
backreaming operation should be quantitatively evaluated to lower
the risk of the stuck pipe. Real-time simulation of the backreaming
operation is crucial for parameters’ setting and adjustment. The
research of this paper is aimed at assisting the design and imple-
mentation of the backreaming.
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Appendix A. Closure relationships

The solids and liquids fill the suspension layer, as shown in Eq.
(A-1).

Cf þCc ¼ 1 (A-1)

The density of the cuttings bed is expressed as:

rsb ¼ rcCsb þ rf ð1�CsbÞ (A-2)

Shear stresses for each phase at the pipe wall can be expressed
as:

ti ¼
1
2
firivr

2 (A-3)

where i represents fw, cw, sbw; vr represents the relative velocity
between the phase and the wall of pipe or borehole. fi is the friction
factor proposed by Doron et al. (1987).
1169
fi ¼

8>><
>>:

16
Regn

Regn⩽3470� 1370n

0:046Re�0:2
gn Regn >3470� 1370n

(A-4)

Shear stress at the interface between two layers is:

tsbsd ¼
1
2
fsbsdrf

���vf � vsb

����vf � vsb

�
(A-5)

where fsbsd is the interfacial friction factor (Bizhani and Kuru, 2018).
For a turbulent flow, this interfacial friction factor model is within
the 20% range of experimental data (Bizhani and Kuru, 2018). It has
higher accuracy than the Televantos et al. (1979) model.

8>>>><
>>>>:

fsbsd ¼ 16
Regn

Regn⩽2100

1ffiffiffiffiffiffiffiffiffiffi
fsbsd

p ¼ �4 log

 
0:27εb
Dhy

þ 1:26

Regnfsbsd
1=2

!
Regn >2100

(A-6)

Bed roughness can be expressed as:

εb ¼ dc
2
ð1þ sin4Þ (A-7)

where 4 is the reposed angle.
The generalized Reynolds number for the Herschel-Bulkley

model suggested by Tong et al. (2021a) is expressed as:

Regnðr; v;DÞ¼ rjvj2�nDn

ty
8

�
D
v

�n

þ K
�
3mþ1
4m

�n

8n�1

(A-8)

m¼ nKð8v=DÞn
ty þ Kð8v=DÞn (A-9)

Fcf representmultiparticle-drag force between the particles and the
liquids (Tong et al., 2021a; Chen et al., 2022).

Fcf ¼CcAsd

3CDrf
���vf � vc

����vf � vc

�
4dcð1� CcÞ1:65

(A-10)

where the drag coefficient can be expressed (Naganawa et al.,
2017):

CD ¼

8><
>:

24
Rep

�
1þ 0:15Re0:687p

�
Rep <1000

0:44 Rep⩾1000
(A-11)

Rep ¼Regn
�
rf ; vf � vc; dc

�
(A-12)

The dry friction force F is the kinetic friction force between the
moving bed and the hole wall suggested by Nawanaga et al. (2017).

The wetted perimeters (Ssd; Ssb; Ssbsd) can be obtained by geo-
metric calculations (Zhu et al., 2021).
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